Introduction
Macroautophagy (hereafter referred to as autophagy) is an evolutionarily conserved process where intracellular lipid and protein components are broken down to replenish cellular energy and amino acid supplies. Autophagy also removes protein aggregates, redundant macromolecules, and dysfunctional organelles that, if not efficiently recycled, contribute to cell stress and consequently disease. 1 For example, autophagy plays both pro-and anti-oncogenic roles in cancer development (for a review see ref.
1), while defects result in age-related cardiomyopathy 2 and can lead to marked neurodegeneration. 3, 4 Autophagy involves sequestering cytoplasmic material in double-membrane vesicles known as autophagosomes, which subsequently fuse with lysosomes to form autolysosomes. Once fusion occurs, lysosomal hydrolases degrade sequestered material allowing permeases to transport amino acids and lipids into the cytoplasm for use in either biosynthesis or the generation of energy (for a review see ref. 5 ).
Birt-hogg-Dubé (BhD) syndrome is a rare autosomal dominant condition caused by mutations in the FLCN gene and characterized by benign hair follicle tumors, pneumothorax, and renal cancer. Folliculin (FLcN), the protein product of the FLCN gene, is a poorly characterized tumor suppressor protein, currently linked to multiple cellular pathways. autophagy maintains cellular homeostasis by removing damaged organelles and macromolecules. although the autophagy kinase ULK1 drives autophagy, the underlying mechanisms are still being unraveled and few ULK1 substrates have been identified to date. here, we identify that loss of FLcN moderately impairs basal autophagic flux, while re-expression of FLcN rescues autophagy. We reveal that the FLcN complex is regulated by ULK1 and elucidate 3 novel phosphorylation sites (ser406, ser537, and ser542) within FLcN, which are induced by ULK1 overexpression. in addition, our findings demonstrate that FLcN interacts with a second integral component of the autophagy machinery, GaBa(a) receptor-associated protein (GaBaRaP). The FLcN-GaBaRaP association is modulated by the presence of either folliculin-interacting protein (FNiP)-1 or FNiP2 and further regulated by ULK1. as observed by elevation of GaBaRaP, sequestome 1 (sQsTM1) and microtubule-associated protein 1 light chain 3 (MaP1Lc3B) in chromophobe and clear cell tumors from a BhD patient, we found that autophagy is impaired in BhD-associated renal tumors. consequently, this work reveals a novel facet of autophagy regulation by ULK1 and substantially contributes to our understanding of FLcN function by linking it directly to autophagy through GaBaRaP and ULK1.
Yeast screens uncovered more than 30 autophagy-related (ATG) genes, 6 many of which are recruited to the phagophore assembly site, a structure involved in nucleation/expansion of the phagophore. Atg8 is conjugated to phosphatidylethanolamine and selectively incorporated into autophagosomes, making it a commonly used autophagy marker. Mammals have 2 Atg8 ortholog subfamilies, the MAP1LC3 (microtubule-associated protein 1 light chain 3; commonly called LC3) subgroup, and the GABARAP (GABA(A) receptor-associated protein) and GABARAPL2 (GABA(A) receptor-associated protein-like 2) subfamily. Both mammalian Atg8 ortholog subfamilies are modified by PE conjugation, localize to autophagosomes, 7 and are essential for autophagy. Current evidence indicates that MAP1LC3 and GABARAP act at different stages of autophagosome formation. 8 ULK1 (unc-51 like autophagy activating kinase 1; a mammalian ortholog of Atg1) acts at the most upstream step of autophagy.
9 ULK1 is a serine/threonine kinase that functions within a complex containing ATG13, RB1CC1 (RB1-inducible coiled-coil 1), and ATG101 to drive autophagosome formation. [10] [11] [12] [13] This kinase complex is positively regulated by many internal ULK1-mediated phosphorylation events, including ULK1 autophosphorylation. [10] [11] [12] 14 In addition, when energy and nutrients are plentiful, the mechanistic target of rapamycin complex 1 (MTORC1) promotes cell growth in part by inhibiting autophagy via phosphorylation of ULK1. 10, 11 Conversely, during energy and nutrient stress when cell growth is not feasible, PRKAA2/AMPK (protein kinase, AMP-activated, α 2 catalytic subunit) interacts with and phosphorylates ULK1 to enhance autophagy. [15] [16] [17] [18] Downstream ULK1 substrates are gradually being identified. AMBRA1 was the first ULK1 substrate identified that is integral to the autophagy machinery 19 but is not a component of the ULK1-ATG13-RB1CC1 complex. More recently, ULK1 phosphorylation of ATG9 has been identified as an important step during expansion of the phagophore. 20 Additionally, a further molecular link has been identified, whereby active ULK1 can directly phosphorylate BECN1/Beclin 1, allowing the proautophagy PIK3C3/VPS34 (phosphatidylinositol 3-kinase, catalytic subunit type 3) complexes to promote autophagy induction and autophagosome maturation. 21 ULK1 is known to indirectly impact autophagy via phosphorylation of both PRKAA2 22 and RPTOR/Raptor within MTORC1. 23, 24 Mutations in FLCN are responsible for Birt-Hogg-Dubé (BHD) syndrome (MIM #135150), characterized by benign hair follicle tumors, pneumothorax, cysts, and renal cancer. 25 BHD is a ciliopathy and FLCN is localized at primary cilia. 26 Interestingly, a compromised ability to activate autophagy has been hypothesized to underlie some ciliopathies, 27 raising the possibility that autophagy may be altered in BHD syndrome. In support of this autophagy connection, FLCN has recently been shown to localize to lysosomes and modulate nutrient sensing through the RRAG (Ras-related GTP binding) small G proteins. [28] [29] [30] Given these findings, we wanted to ascertain whether autophagy is compromised in BHD syndrome. Our study uncovers a link between autophagy and BHD syndrome, revealing that FLCN is an important component of the autophagy machinery and that the FLCN complex is modulated by ULK1.
Results
Loss of FLCN affects SQSTM1 expression SQSTM1 (sequestome 1) is an established marker of autophagy, which associates with autophagosomes and is degraded during autophagy. 31 Of interest, SQSTM1 is often amplified in renal cell carcinoma. 32 Given that BHD syndrome predisposes patients to renal cell carcinoma, we analyzed whether FLCN loss could enhance SQSTM1 protein levels. Previously, it was observed that tumor initiation via cystogenesis occurred within Flcn +/− mice upon loss of Flcn in renal proximal tubule cells. 33 Therefore, we utilized human renal proximal tubule (HK2) cells with stable FLCN knockdown for our studies. We observed higher endogenous SQSTM1 protein expression in FLCN-deficient cells compared with control cells, which was more pronounced under normal growth conditions (Fig. 1A) , implying FLCN may play a role in basal autophagy, but may be dispensable for acute starvation-induced autophagy. We also observed a similar pattern in flcn −/− mouse embryonic fibroblasts (MEFs) (Fig. S1A) . We then re-expressed FLCN in FLCN-deficient HK2 cells under normal growth conditions and coexpressed HA-SQSTM1 to specifically measure autophagy in the transfected cells. As indicated by reduced SQSTM1, re-expression of FLCN restored a higher level of basal autophagy (Fig. 1B) . Immunohistochemistry revealed elevated SQSTM1 protein levels in a BHD patient renal tumor (with a c.499C > T mutation encoding a truncated FLCN mutant, pGln167X) when compared with unaffected tissue (Fig. 1C) . Collectively, these data reveal that the protein expression of SQSTM1 is negatively regulated by FLCN.
FLCN-deficient cells exhibit impaired autophagy
We wanted to examine whether this elevation of SQSTM1 protein might be due to autophagy defects in the FLCN-deficient cells. We assessed autophagic flux using a vector expressing tandem red and green fluorescent protein-tagged MAP1LC3B (RFP-GFP-LC3), which works on the principle that the GFP signal is less stable in the acidic environment of the lysosome than the RFP signal. 34 Of the cells displaying multiple puncta under normal growth conditions, we detected proportionally fewer red puncta in the FLCN knockdown HK2 cells ( Fig. 2A and graphed in panel below), indicating impaired maturation of autophagosomes (reduced fusion of autophagosomes with lysosomes), and therefore reduced autophagic flux. This fits with our finding of SQSTM1 accumulation due to lack of degradation in lysosomes. Interestingly, in both HK2 cells (Fig. 2B ) and HEK293 cells (Fig. 2C ) FLCN knockdown causes a reduction in MAP1LC3B-II conversion following chloroquine treatment. As perturbation of autophagosome maturation would be expected to allow an accumulation of MAP1LC3B-II, this suggests that autophagosome synthesis may also be modestly impaired in FLCN-deficient cells. While these data supports a positive role for FLCN in both autophagosome formation and autophagic flux, some FLCN-deficient cells do contain many autophagosomes ( Fig. 2A) , while still exhibiting impaired autophagic flux. Analysis of another mammalian Atg8 ortholog, GABARAP, which has a potential role in regulating the sealing process needed for autophagosome maturation, 8 revealed enhanced endogenous GABARAP expression in both FLCNdeficient HK2 and HEK293 cells ( Fig. 2B and C) . This elevation of GABARAP protein was not due to enhanced GABARAP gene expression, as mRNA levels were comparable between the cell lines (Fig. S1B) . Overall, these data indicate an impaired autophagy pathway operates in the absence of FLCN, along with altered GABARAP processing.
FLCN interacts with GABARAP in the presence of FNIP1 and 2
The FLCN binding partner, FNIP1, was recently shown to interact with GABARAP. 35 Combined with our finding of enhanced GABARAP levels in FLCN-deficient cells, we wished to explore this connection further. Unbiased GABARAP interaction mass spectrometry was performed, and we identified 8 high-confidence interacting proteins (Fig. 3A) , including both FNIP1 and FLCN (FLCN peptide identification shown in Fig. S2A ). We confirmed the FLCN-GABARAP interaction using an in vitro binding assay and could detect endogenous FLCN interaction with bacterially generated recombinant GABARAP protein (Fig. 3B) . FLCN interacted more strongly with GABARAP than MAP1LC3B, a member of the other Atg8 ortholog subfamily (Fig. 3C) , suggesting enhanced specificity for GABARAP family members. Interestingly, the interaction between FLCN and GABARAP in vivo in mammalian cells was not detectable unless FNIP1/2 was also present. FNIP2 especially was able to potently enhance the interaction (Fig. 3D) . The interaction in mammalian cells was clearly specific for GABARAP, and not MAP1LC3B. We further confirmed this stronger interaction of GABARAP to FLCN-FNIP1/2 by using in vitro binding assays with recombinant GABARAP protein (Fig. S2B) . Immunofluorescence analysis revealed colocalization of FLCN with GABARAP at punctate structures when coexpressed with FNIP2 (Fig. 3E) . We could also detect endogenous FLCN and endogenous GABARAP in a complex with immunoprecipitated myc-FNIP2 (Fig. 3F) . As observed by other groups, overexpression of FNIP2 was necessary to detect binding of endogenous components of the complex. 29 Overall, these data reveal that FLCN-FNIP interacts with the autophagy machinery via GABARAP. 
FLCN does not function upstream of ULK1
ULK1 is a key activator of the autophagy cascade and a known GABARAP interactor. 36 We observed a weak interaction between V5-tagged ULK1 and untagged FLCN (Fig. 4A) , which suggests that FLCN might influence autophagy at the level of ULK1. This FLCN-ULK1 interaction was markedly enhanced when ULK1 contained a kinase-inactivating mutation (K46I, referred to as kinase-dead). In a reciprocal experiment, immunoprecipitated HA-FLCN similarly showed a more robust interaction with kinase-dead ULK1 (Fig. S3A) .
To determine whether this observed FLCN-ULK1 interaction had a cellular function, we analyzed whether ULK1 activity could be modulated by FLCN knockdown. To do this, we examined the comparative activity of both PRKAA2 and MTORC1, as these signaling pathways are known to impact autophagy through ULK1 phosphorylation. [10] [11] [12] [15] [16] [17] PRKAA2 activates autophagy via phosphorylation of ULK1 at Ser555, 15 whereas Ser758 phosphorylation of ULK1 by MTORC1 is inhibitory and appears to modulate ULK1-PRKAA2 interaction. 16, 17 Both PRKAA2 and MTORC1 have also been previously linked to FLCN. [28] [29] [30] 37 In control HK2 cells, starvation potently induced the phosphorylation of ULK1 at the PRKAA2-mediated site (Ser555), while growth media induced the phosphorylation of the MTORC1 site (Ser758) (Fig. S3B) . Importantly, we did not notice any marked differences in the levels of ULK1 phosphorylation upon FLCN knockdown, except a modest elevation in ULK1 phosphorylation at Ser758 under starvation conditions. Through ULK1 kinase assays, we further confirmed that endogenous ULK1 activity was not significantly impacted upon loss of FLCN (Fig. S3C) .
ULK1 induces FLCN phosphorylation
Unlike wild-type ULK1, kinase-dead ULK1 is predominantly found in a larger 1.2-MDa complex, suggesting that autophosphorylation as well as substrate phosphorylation is necessary for normal interaction dynamics between ULK1 and substrates. 38 As wild-type ULK1 appears to weakly interact with FLCN compared with kinase-dead ULK1 ( Fig. 4A; Fig. S3A ), this transient interaction might be modulated through ULK1 phosphorylation.
To determine whether ULK1 can induce FLCN phosphorylation, we [γ-
32 P]-orthophosphate radiolabeled HEK293 cells expressing HA-FLCN in vivo and determined [γ-
32 P]-incorporation into HA-FLCN in the presence or absence of ULK1. We observed that overexpressed ULK1 potently induced FLCN phosphorylation in vivo (Fig. 4B) , implying that ULK1 might function upstream of FLCN. To test whether ULK1 can directly phosphorylate FLCN, we performed in vitro ULK1 kinase assays toward FLCN and a known ULK1 substrate, ATG13. 10, 11 We found that wildtype ULK1 robustly phosphorylated both FLCN and ATG13 in vitro, whereas no phosphorylation was detected with kinase-dead ULK1 (Fig. 4C) . These data reveal that FLCN phosphorylation is induced by active ULK1 overexpression.
Through mass spectrometry, we identified multiple ULK1-mediated phosphorylation events toward FLCN in cells. Within the C terminus of FLCN, we observed 3 new phosphorylation sites (Ser406, Ser537 and Ser542), which were unique to FLCN when coexpressed with wild-type ULK1 but not kinase-dead ULK1 (Fig. 5A-C) . The Ser406 signal was not localized, but the closest alternative candidate phosphorylation site is Ser407, which is not as well conserved between species (Fig. 5D) . The other 2 localized ULK1 sites, Ser537 and Ser542, are well conserved between species (Fig. 5D) . Additional ULK1-mediated phosphorylation sites were observed in the linker region of FLCN (Ser316 and Thr317), but these residues are poorly conserved among species (Fig. S4) . A structural model showing the 3 best conserved ULK1-mediated phosphorylation sites of FLCN was generated from the recently determined C-terminal crystal structure of FLCN (Fig. 5E) . 39 From the crystal structure [PDB Id: 3V42], we observed that all 3 ULK1 phosphorylation sites are solvent exposed to the surrounding environment, making them accessible for phosphorylation.
ULK1 modulates the FLCN-GABARAP complex
To determine whether FLCN phosphorylation by ULK1 overexpression had a functional consequence, we analyzed the FLCN-FNIP2-GABARAP complex in the presence of ULK1. We found that expression of wild-type ULK1 impaired the interaction of GABARAP with FLCN-FNIP2, whereas this interaction remained intact in the presence of kinase-dead ULK1 (Fig. 6A) .
In agreement with the literature, 36 ULK1 was also found in the GABARAP immunoprecipitates. In support of the finding that ULK1 modulates the FLCN-GABARAP interaction, knockdown of endogenous ULK1 expression by shRNA under normal growth conditions markedly strengthened the interaction between FLCN-FNIP2 and GABARAP (Fig. 6B) . Collectively, these data imply that the kinase activity of ULK1 is required for FLCN-FNIP2 dissociation from GABARAP. To determine whether the 3 identified phosphorylation sites in FLCN were important for modulating the interaction, we tested the in vitro binding of both wild type and a triple serine-to-alanine FLCN mutant (3A) to bacterially expressed GST-GABARAP or GST-MAP1LC3B as bait.
Loss of these phosphorylation sites modestly enhanced binding of FLCN to GABARAP and MAP1LC3B (Fig. 6C) . As observed previously (Fig. 3C) , FLCN preferentially bound to GABARAP. However, when we tested the strength of FLCN(3A)-GABARAP binding in mammalian cells, we found that ULK1 expression could still cause disassembly of the complex (data not shown). This suggests that additional ULK1-mediated phosphorylation events (i.e., additional sites within FLCN, FNIP2 and/or GABARAP) further regulate formation of the FLCN-FNIP2-GABARAP complex in cells. However, we observed slight impairment in the ability of the FLCN(3A) mutant to drive autophagy in cells, as determined by a modest repression of SQSTM1 expression when compared with wild-type FLCN (Fig. 6D) .
Patient tumors show autophagy defects To determine whether our findings translated to clinical samples, we analyzed SQSTM1 protein levels along with the Atg8 ortholog family members, GABARAP and MAP1LC3B, in a BHD patient renal tumor containing 2 mutated copies of FLCN (a c.499C > T mutation (encoding a truncated FLCN mutant, pGln167X) in one allele and deletion of exon 6 in the other allele). 40 We found that SQSTM1 and GABARAP proteins were elevated in both chromophobe and clear cell sections of the tumor when compared with normal control kidney tissue, with slight elevation of MAP1LC3B (Fig. 7A) . The observation of raised MAP1LC3B and SQSTM1 protein levels could indicate a blockage in the autophagic pathway, preventing proper autophagic flux. We next determined whether FLCN mutants exhibited altered association with ULK1 and GABARAP. We tested ULK1 interaction with a panel of BHD-patient derived mutations (curated in the Leiden Open Variation Database). We discovered that the C-terminal truncating mutations (Y463X and H429X) interacted more avidly with ULK1 than either wildtype FLCN or a BHD patient-derived point mutation, K508R (Fig. 7B) . This suggests that the extreme C terminus of FLCN does not bind directly to ULK1 and may play a role in dissociation from ULK1. In contrast, these truncation mutants of FLCN show impaired binding to GABARAP (Fig. 7C) . Additionally, the mutants were not able to repress SQSTM1 levels as efficiently The graphs show relative binding of V5-FLcN to ha-GaBaRaP and myc-FNiP2 to ha-GaBaRaP as determined by densitometry across 4 independent experiments, mean ± seM *P < 0.05. (C) Bacterially expressed GsT, GsT-MaP1Lc3B or GsT-GaBaRaP was used as bait for lysates containing ha-FLcN (WT or 3a mutant). Following GsT purification, bound ha-FLcN was detected by western blot. GsT loading controls are shown for each pulldown. (D) Wild-type (WT) FLcN, or the serine-to-alanine (3a) FLcN mutant, were re-expressed in FLCN-deficient hK2 cells, along with ha-sQsTM1. ha-sQsTM1 levels were determined by western blot and densitometry of sQsTM1 levels from 3 independent experiments are plotted in the graph, mean ± seM *P < 0.05, ***P < 0.001.
as wild-type FLCN (Fig. 7D) . Collectively, our data suggest that FLCN functions as a positive modulator of autophagy, where loss of FLCN impairs basal autophagy, both in vitro and in the disease setting.
Discussion
In this study, we discovered that ULK1 modulates the interaction of FLCN-FNIP2 with the autophagy component, GABARAP. Our analysis reveals that multiple residues within FLCN are phosphorylated in an ULK1-dependent manner. We also uncovered that FLCN plays a positive role in autophagy, where loss of FLCN leads to impaired autophagic flux.
The binding partners of FLCN, FNIP1, and FNIP2, have previously been connected to B-cell development, 41 autophagy via GABARAP, 35 and the induction of apoptosis following DNA-base mispairing. 42 We reveal that FNIP2 (and to a lesser extent FNIP1) enhances FLCN-GABARAP binding, implying that FLCN functions as a complex with FNIP proteins to regulate autophagy. Lack of this functional complex due to FLCN mutations in BHD syndrome could explain the impaired autophagy observed in tumor tissue from BHD syndrome patients.
GABARAP subfamily members appear to function downstream of phagophore membrane elongation in a step coupled to dissociation of the ATG12-ATG5-ATG16L1 complex 8 and have been hypothesized to recruit and anchor the ULK1 complex on phagophores. 36, 43 ULK1, along with its binding partners, ATG13 and RB1CC1, contain LC3-interacting region (LIR) motifs which preferentially bind to the GABARAP subfamily of Atg8 ortholog proteins. 36, 43 As FLCN appears to have a preference for binding GABARAP over MAP1LC3B, it is likely that FLCN modulates autophagy through GABARAP-dependent processes. Additionally, FNIP2 has a potential LIR motif (Fig. S5) , while FLcN (wild type or mutants) was re-expressed (with coexpressed ha-sQsTM1) in FLCN knockdown hK2 cells and ha-sQsTM1 levels were analyzed by western blot. Data are mean ± seM of 5 independent experiments. *P < 0.05, **P < 0.01.
FNIP1 does not, which might explain why FNIP2 further enhances the FLCN-GABARAP interaction.
We detected elevated SQSTM1 protein levels, as well as GABARAP and MAP1LC3B, in BHD kidney tumors compared with normal kidney tissue. Interestingly, upregulation of SQSTM1 is observed in several cancers, including glioblastoma multiforme, 44 colorectal cancer, 45 and hepatocellular carcinomas, 46 while genomic amplification of the SQSTM1 gene is seen in some clear cell renal cell carcinomas. 32 SQSTM1 is also overabundant in breast cancer, 47 where its expression level correlates with poorer disease-free survival. 48 Similarly, elevated SQSTM1 is associated with poor prognosis in lung cancer patients. 49 It is known that genetic inactivation of Atg7 in mice leads to SQSTM1 accumulation and generation of ubiquitin-positive inclusions in the liver. This then sequentially leads to accumulation of nuclear factor, erythroid 2-like 2, enhanced cellular stress, and hepatotoxicity. 50 Sustained SQSTM1 expression has also been linked to tumorigenesis via elevated levels of reactive oxygen species and DNA damage 51 in addition to enhanced cellular migration and invasion. 44 A similar mechanism could operate in FLCN-deficient kidney cells, whereby inactivation of FLCN causes autophagy deficiencies and elevated SQSTM1 levels, and the resulting cellular stress could promote tumor development.
Recently, both SQSTM1 and FLCN have been linked to amino acid sensing through the RRAG proteins and MTORC1. SQSTM1 was found to bind the RRAG proteins to favor formation of the active RRAG heterodimer, thereby helping activate MTORC1 at the lysosome. 52 Three publications have now linked the FLCN-FNIP complex to the RRAG at the lysosome, linking FLCN to amino acid-dependent MTORC1 signaling. [28] [29] [30] We did not detect substantially altered MTORC1 signaling following FLCN loss in our cell line model under normal or starved conditions, while other publications have found enhanced MTORC1 activity in animal models lacking FLCN, at least in certain cell types. 33, 53 It appears that MTORC1 signaling in the context of FLCN-deficiency is cell-type dependent and can also alter during tumor development in response to accumulation of other genetic mutations.
BHD syndrome has lately been reported to be a ciliopathy, 26 as alteration to FLCN levels can cause changes to the onset of ciliogenesis. Changes in FLCN levels are also associated with disruption of planar cell polarity and dysregulation of the canonical WNT signaling pathway. As a compromised ability to activate the autophagic response may be an underlying feature in some ciliopathies, 27 it is possible that there is also an association between cilia and autophagy in BHD syndrome. For instance, impaired autophagy could be a contributing factor to ciliary defects and renal cyst formation in BHD syndrome patients.
While our work helps refine our understanding of FLCN by revealing that FLCN interacts with components integral to autophagy, it is important to highlight that FLCN function is not just restricted to autophagy or the lysosome. For instance, FLCN also interacts with plakophilin-4 involved in desmosomal and adherens junctions. 54, 55 Additionally, multiple pathways that drive cancer progression can become dysregulated when FLCN expression is lost, including defects in TGFB1 (transforming growth factor, β 1)-mediated signaling, 56, 57 enhanced HIF1A (hypoxia inducible factor 1, α subunit [basic helix-loop-helix transcription factor]) activity 58 and TFE3 (transcription factor binding to IGHM enhancer 3) activity. 59 Therefore, FLCN appears to play a broader 'housekeeping' role in the cell and is likely to be a fundamental player in autophagy and cellular homeostasis outside the disease setting. Although further studies are required, it seems reasonable to assume that impaired autophagy upon loss of FLCN expression contributes in part to cancer progression in BHD patients.
Materials and Methods

Cell culture
Stable FLCN knockdown in HK2 cells was previously described. 25 Flcn +/+ and flcn −/− MEF cells were gifted by Prof Arnim Pause (McGill University, Canada) derived from mice described previously. 33 All cell lines were cultured in DMEM (Life Technologies, 11995065) supplemented with 10% (v/v) fetal calf serum (Life Technologies, 10270-106), 100 U/ml penicillin and 100 μg/ml streptomycin (Life Technologies, 15070-063). Lipofectamine 2000 transfection was used unless otherwise stated and performed according to the manufacturer's protocol (Life Technologies, 11668019). Cells were harvested 24 to 36 h post-transfection. Experiments were performed under normal growth conditions, unless otherwise stated. For complete starvation, cells were washed twice in phosphate-buffered saline (Sigma Aldrich, P4417) and incubated in Kreb's Ringer buffer (KRB) (20 mM HEPES, pH 7.4, 115 mM NaCl, 5 mM KCl, 10 mM NaHCO 3 , 2.5 mM MgCl 2 , 2.5 mM CaCl 2 ) for 4 h. Plasmids V5-ULK1 wild type and kinase-dead (K46I) and GST-ATG13 have been described previously. 23 HA-FLCN was generated in the pN3HA backbone (a kind gift from Dr Sylvia Neumann, The Scripps Research Institute, San Diego, CA, USA) and untagged-FLCN in the pcDNA3.1 vector. GST-FLCN in pDEST27 (Life Technologies, 11812013) and V5-FNIP1 in pcDNA3.1/nV5-DEST (Life Technologies, 12290010) were generated using the Gateway system (Life Technologies). HA-FNIP1 was a kind gift from Dr Laura Schmidt (National Institutes of Health, Bethesda, MD, USA) and myc-FNIP2 was a kind gift from Dr O Hino (Juntendo University School of Medicine, Tokyo, Japan). 60 HA-SQSTM1 (plasmid #28027) 61 and ptfMAP1LC3B vector (plasmid #21074) 34 were from Addgene. MAP1LC3B and GABARAP (from pDONR [12535035] 35 ) were cloned into pDEST15 (Life Technologies, 11802014) or pcDNA-HA, respectively. Mutations were introduced using the QuikChange Site-directed mutagenesis kit (Stratagene, Agilent Technologies, 200521).
Antibodies Anti-HA antibody (11867423001) was purchased from Roche. Anti-ACTB (4967), phospho-ULK1 Ser555 (5869) and Ser758 (6888) and total ULK1 (4773) antibodies were from Cell Signaling Technology. Anti-V5 (46-0705) was from Life Technologies. Anti-Myc clone 9E10 antibody (M5546) was from Sigma-Aldrich and anti-GST antibody (05-782) was from Merck Millipore. Anti-FLCN was gifted from Prof Arnim Pause (McGill University, Canada). Anti-SQSTM1/p62 C-terminal antibody (GP62-C/DS-160211) was from Progen Biotechnik GmbH. Anti-MAP1LC3B antibody for immunofluorescence and immunohistochemistry was from Novus Biologicals (NB100-2220), and for western blotting from Nanotools (0260-100/LC3-2G6). GABARAP antibody (AP1821a) was from Abgent.
shRNA knockdown JetPEI transfection mixtures (VWR International, 101-10N) containing 2 μg of scrambled shRNA or ULK1 shRNA (MISSION shRNA 1-1064slcl, Sigma) were prepared according to the manufacturer's protocol (Polyplus-transfection) and reverse transfected into HEK293 cells. Following incubation at 37 °C for 24 h, plates were then transfected with V5-FLCN, myc-FNIP2 and HA-GABARAP using the JetPEI protocol (forward transfection) and incubated for a further 28 h prior to lysis.
Immunoprecipitation, GST-affinity isolation, and western blotting Cells were lysed in BHD lysis buffer (20 mM Tris, pH 7.5, 135 mM NaCl, 5% [v/v] glycerol, 50 mM NaF, 0.1% [v/v] Triton X-100, plus protease inhibitors [cOmplete Tablets, Mini EDTA-fee, Roche Diagnostics, 04693159001]), centrifuged and the protein quantified using Bradford reagent (Sigma-Aldrich, B6916). Anti-HA and anti-V5 coupled to protein G-Sepharose beads (GE Healthcare Life Sciences, 17-0618-05) were used to immunoprecipitate HA and V5-tagged proteins as appropriate. Immunoprecipitates were washed 3 times in lysis buffer and resuspended in NuPAGE LDS sample buffer (Life Technologies, 1386564). Samples for GST-affinity isolation were lysed in Buffer B (40 mM HEPES, pH 7.5, 120 mM NaCl, 1 mM EDTA, 10 mM pyrophosphate, 10 mM β-glycerophosphate, 50 mM NaF, 1.5 mM Na 3 VO 4 , 0.3% [w/v] CHAPS [Thermo Scientific, 28300], plus protease inhibitors) and incubated with glutathione-Sepharose beads (GE Healthcare Life Sciences, 17-0756-01). Beads were washed 3 times in lysis buffer, and GST-tagged proteins were eluted using 10 mM glutathione. Western blotting was performed as previously described. 23 Blots shown are representative of at least 3 independent experiments. ULK1 kinase assay Cell lysates from nutrient-replete or starved HK2 cells were immunoprecipitated using anti-ULK1 antibody (J.T. Murray, Queen's University, Belfast, UK). Immunocomplexes were captured using protein G-Sepharose (GE Healthcare Life Sciences, 17-0618-05), washed 3 times in Low Salt Buffer (50 mM Tris-Cl, pH 7.5, 1 mM EGTA, 1 mM EDTA, 0.3% [w/v] CHAPs, 1 mM sodium orthovanadate, 50 mM sodium fluoride, 5 mM sodium pyrophosphate, 0.27 M sucrose, 0.1% [v/v] 2-mercaptoethanol) and twice in Assay Buffer (20 mM HEPES, pH 7.5, 150 mM NaCl, 0.1% β-mercaptoethanol, 25 mM β-glycerophosphate, 100 μM orthovanadate). In vitro ULK1 kinase assays against GST-FLCN and GST-ATG13 (purified from HEK293 cells), were performed using immunoprecipitated V5-tagged ULK1. The assay mix of immunoprecipitated ULK1, 10 mM MgAc, substrate (3 μg MBP, GST-FLCN or GST-ATG13 as required) and 100 μM [ 32 P] ATP in Assay Buffer was incubated at 30 °C for 10 min, then quenched with NuPAGE LDS sample buffer (Life Technologies, 1386564) and subjected to SDS-PAGE. Relative levels of [ 32 P]-incorporation were determined by autoradiography. Immunofluorescence and image analysis HK2 cells were transfected with RFP-GFP-LC3 for 24 h, fixed with paraformaldehyde, and imaged under oil immersion at 20 °C using a Leica TCS SPE confocal laser scanning fluorescence microscope, using Leica software (Leica Microsystems B.V., Rijswijk, 2288 ED Netherlands). Confocal images were stacked and merged using ImageJ v1.43 software. Puncta were counted manually across multiple fields of view from > 10 cells per condition, over 3 independent experiments. The proportion of each type of puncta was calculated and plotted. For colocalization experiments, MDCK cells were transfected with pEGFP-FLCN-WT, myc-FNIP2 and HA-GABARAP using MetaFectene Pro (Biontex Laboratories, T040-1.0). After 46 h, cells were washed twice in PBS and starved in KRB containing 4.5 g/l glucose. Cells were stained with mouse-anti-HA (Cell Signaling Technology, 2367) and polyclonal FNIP2 antibody (Abnova, PAB16703) directed against AA117-131 of human FNIP2. Secondary antibodies were goat-anti-rabbit-Alexa568 (Life Technologies, A11036) and goat-anti-mouse-Cy5 (Southern Biotech, 1034-15), with DAPI counterstain.
Binding of FLCN to GST-baits Bacterially expressed GST, GST-MAP1LC3B, and GST-GABARAP were purified using glutathione beads, washed in BHD lysis buffer and then incubated with lysate from HEK293 cells transfected with HA-FLCN (WT or 3A), HA-FNIP1 or myc-FNIP2. Beads were washed 3 times in lysis buffer, and GSTtagged proteins eluted using 10 mM glutathione.
In vivo radiolabeling Transfected HEK293 cells were incubated in phosphate-free medium containing 0.2 mCi [ 32 P]-orthophosphate (PerkinElmer, NEX063002MC) for 4 h. These cells were harvested using BHD lysis buffer. HA-FLCN was immunoprecipitated with anti-HA antibody bound to Protein G-Dynabeads (Life Technologies, 10007D) and washed in lysis buffer.
Mass spectrometry GST-FLCN was purified from HEK293 cells coexpressing wild-type or kinase-dead ULK1. Samples were separated by SDS-PAGE and excised bands were subjected to a modified in-gel trypsin digestion procedure. 62 Eluted peptides were subjected to electrospray ionization prior to mass spectrometry in an LTQ-Orbitrap instrument (Thermo Fisher Scientific Inc., Waltham, MA, USA 02451). Peptide sequences were determined by matching protein or translated nucleotide databases with the acquired fragmentation pattern by Sequest (ThermoFinnigan). 63 Modification of 79.9663 mass units to serine, threonine and tyrosine was included in the database searches to determine phosphopeptides and manually inspected to ensure confidence.
Structural modeling
Crystal structure coordinates used in the current manuscript are as deposited in the protein data bank 39 (PDB Id: 3V42). The model was generated using Pymol.
Immunostaining of patient tumor Tissue sections were processed using standard methodology. 26 Sections were incubated with antibodies for MAP1LC3B, GABARAP, and SQSTM1 antibody (BD Bioscience, 610832) in 3% (w/v) bovine serum albumin (Sigma-Aldrich, A7906) overnight at 4 °C. GABARAP interaction network GABARAP interaction mass spectrometry was performed and analyzed as described previously, 35 with the exception that autophagy interaction network baits (33 thereof) were stably expressed using the MSCV NTAP system in A549 non-small cell lung carcinoma cell lines.
Densitometry and statistical analysis Densitometry was performed using ImageJ v1.43 software. The Student t test or one-way ANOVA followed by LSD posthoc testing (as appropriate) were used for statistical analysis, with P < 0.05 taken to be significant.
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